In fish, an amazing variety of sex determination mechanisms are known, ranging from hermaphroditism to gonochorism and from environmental to genetic sex determination. This makes fish especially suited for studying sex determination from the evolutionary point of view. In several fish groups, different sex determination mechanisms are found in closely related species, and evolution of this process is still ongoing in recent organisms. The medaka (Oryzias latipes) has an XY -XX genetic sex determination system. The Y-chromosome in this species is at an early stage of evolution. The molecular differences between X and Y are only very subtle and the Y-specific segment is very small. The sex-determining region has accumulated duplicated sequences from elsewhere in the genome, leading to recombinational isolation. The region contains a candidate for the male sex-determining gene named dmrt1bY. This gene arose through duplication of an autosomal chromosome fragment of linkage group 9. While all other genes degenerated, dmrt1bY is the only functional gene in the Y-specific region. The duplication leading to dmrt1bY occurred recently during evolution of the genus Oryzias. This suggests that different genes might be the master sex-determining gene in other fish.
Introduction
The vast majority of animal species is bisexual and, in a lot of cases, the decision whether an embryo develops to a male or a female, is made by the genome. So-called sex determination genes initiate a series of developmental processes that establish the male or female phenotype. These processes are called sex differentiation and are controlled by gonadal hormones while sex determination is controlled by genes. The genetic scenarios concerning sex determination are extraordinary diverse and have challenged questions about the evolution and maintenance of sexuality, in particular why such a simple and highly conserved biological phenomenon as the existence of males and females should be controlled by so many different mechanisms, like the ratio of X-chromosomes to autosomes for instance in the fruitfly Drosophila, or the presence of a Y-chromosome in male mammals.
In several flies and in the worm Caenorhabditis elegans, the genes that translate the chromosomal mechanisms into molecular actions are known and reasonably well understood. In mammals also, most if not all of the key components of the sex determination cascade are identified, albeit their position in the hierarchy of genes and their modes of interaction are still under investigation. But it is clear that the master regulator encoded on the Y-chromosome of most mammalian species, Sry, is absent from the genome of non-mammalian species although many of these have an XX -XY sex determination system as well. Similarly, neither the Sxl gene of Drosophila nor xol of C. elegans, the genes that are at the top of the sex determination cascade in these organisms, are conserved in more distantly related species (for review see Marin and Baker, 1998; Wilkins, 1995; Zarkower, 2001 ). This indicates that on the molecular level, another dimension of diversity is added to the complex situation of multiple genetic mechanisms of sex determination.
Fishes are an attractive group of organisms to study sex determination from the evolutionary point of view, because members of this class exemplify a complete range of various types of sexuality from hermaphroditism to gonochorism and from environmental to genetic sex determination (for reviews see (Baroiller, 1999; Devlin and Nagahama, 2002) . This offers the possibility to compare the structure and expression of sex determination genes, and to evaluate their relative importance in the respective organism, their position in the sex determination cascade and their conservation during evolution.
Sex determination in pufferfish and zebrafish
In both pufferfish species for which a genome sequencing project has been undertaken, the freshwater pufferfish Tetraodon nigroviridis and Takifugu rubripes, no information exists on the mode of sex determination, the potential presence of sex chromosomes (Li et al., 2002) and the process of sex differentiation.
In the other main fish model, the zebrafish, the mode of sex determination is unknown so far, as well. It has been shown that in all zebrafish larvae the undifferentiated gonad develops into an ovary-like gonad. In approximately half of the fish, these become ovaries, while in the remaining ones, the oocytes undergo apoptosis and a testes develops from undifferentiated parts of the gonads (Hsiao and Tsai, 2003; Takahashi, 1977; Uchida et al., 2002) . This type of gonadal development is termed juvenile hermaphroditism. However, what is responsible for either degeneration of the oocytes or their persistence is unclear. Remarkably, there is no report that any of the many markers of the zebrafish genomic map and mutants were found to be sex-linked.
Sex determination in rainbow trout and tilapia
The rainbow trout, Oncorhynchus mykiss, and the Nile tilapia, Oreochromis niloticus, are also considered as model fish species, although their size and longer generation times somehow limits their more widespread use. Nevertheless, and possibly thanks to their economical importance, their mode of sex determination has been well studied.
The Nile tilapia has an XX -XY male heterogametic system, where a major gene on the Y controls sex determination. However, there are 'secondary' autosomal genes that influence the determination mechanism (Mair et al., 1991) . Moreover environmental factors can override the genetic sex determination. Elevated temperature generally has a masculinizing effect (Baroiller et al., 1995) . Analysis of synaptonemal complex spreads from males uncovered a relatively large region on the Y that does not pair with the X in synaptonemal complex spreads from male meiotic chromosomes (Foresti et al., 1993) . On the molecular level, pronounced sequence differences between both sex chromosomes were found (Harvey et al., 2002) . Markers linked to the sex-determining locus have been isolated and used to map the region containing this gene (Lee et al., 2003) . Although the sex chromosomes are still homomorphic, which is generally considered to be a sign of an early stage of sex chromosome evolution, on the DNA sequence level the Y-specific region may be relatively large. This, and recombination suppression, will make positional cloning of the sex-determining gene very difficult and laborious.
Interestingly a closely related species, the blue tilapia, Oreochromis aureus, has a ZZ -WZ sex determining system and the sex chromosomes also show restricted pairing in the heterogametic sex (Campos-Ramos et al., 2001) .
The rainbow trout has, like most salmonids an XX -XY system. A consolidated linkage map for this fish is available that includes the sex chromosomes (Nichols et al., 2003) .
Comparison of these and other markers with sex linked markers from other related species indicated that the sex determining locus is not conserved with respect to its location on different chromosomes (Woram et al., 2003) . Whether the master sex regulator itself is the same gene translocated to different chromosomes, or if different genes fulfill this function in different salmonids is an open question, the answer to which awaits molecular identification of the gene(s).
Sex determination in platyfish and swordtails
The most thoroughly studied group of fish for the genetics of sex determination are the platyfishes and swordtails of the genus Xiphophorus (for detailed reviews see Kallman, 1984; Kazianis et al., 2004; Volff and Schartl, 2001) . These fish nicely demonstrate the variability of sex determination systems in fish.
In the platyfish, X. maculatus, three different sex chromosomes: W, X, and Y occur. Females may have WY, WX or XX genotypes. The males are either YY or XY. Interestingly YY males are fully viable and fertile, indicating that no essential genes have been deleted during the evolution of the Y. WW females have not been found in natural habitats, but can be produced in the laboratory and are viable as well. Sex determination in this three chromosome situation is explained at present by two different hypotheses: The first (Kallman, 1984) proposes a network of male determining genes and regulatory genes distributed over the different types of sex chromosomes and autosomes, while the second (Volff and Schartl, 2001 ) favors a dosage dependent mechanism based on one gene being present in different copy numbers on the three types of sex chromosomes.
The stable sex chromosomal determination mechanism in the platyfish can be overridden by rare alleles of autosomal modifiers found in some natural populations (Kallman, 1984) and by exogenous influences, e.g. X-ray irradiation (Anders et al., 1969) and steroid hormone treatment (Dzwillo and Zander, 1967) .
For the green swordtail, X. hellerii, some strains have been shown to be WZ -ZZ (Kazianis et al., 2004) while others exhibit a so-called polyfactorial system (Peters, 1964) , meaning that the sex-determining genes are spread over several chromosomes, which additively or cooperatively influence gonad development.
Other species like X. variatus and X. xiphidium appear to exhibit a simple XX -XY sex determination mechanism. A modification of the XX -XY system is described for two species, X. nezahualcoyotl and X. milleri. Most males are XY and most females are XX. However, a second Y chromosome, Y 0 , exists, which together with an autosomal modifier is responsible for XY 0 females. Consequently, YY 0 males can be produced (Kallman, 1984) . Another modification of the XY system was found in X. nigrensis. In this species all XY fish are males. There is an autosomal locus with two alleles, A and a, which affects sex determination in XX fish. If the genotype is AA, the fish will be female, and if aa, the XX individual will be male. Aa genotypes are predominantly female, but sometimes (approx. 5%) such fish develop into males (Kallman, 1984) .
Attempts towards isolation of the sex determining gene(s) in Xiphophorus are underway. BAC contigs starting from marker loci that flank the sex determining region on the X. maculatus X and Y chromosomes have been established covering at present approx. one megabase on each side (Froschauer et al., 2002) .
Sex differentiation in medaka
The gonads of medaka develop from a primordium that consists of the primordial germ cells (PGCs) and somatomesodermal cells, which surround the PGCs. The PGCs are passively moved to the germinal ridge by cell movements of the somatic cells and morphogenetic movements of the mesoderm (Gamo, 1961; Hamaguchi, 1992) . The origin and 'migration' of PGCs in medaka was studied by in situ hybridization using the expression of vasa as marker (Shinomiya et al., 2000) . A transgenic line carrying an eGFP reporter under the control of the vasa promoter made it even possible to follow this process in vivo in living embryos (Tanaka et al., 2001) . Unlike in the zebrafish, from the first cell to the blastula stage, all blastomeres contain the vasa transcript and the positional change from the posterior shield to both sides of the embryo goes through the inner embryonic body. The following translocation of the PGCs towards the embryonic axis and to the genital ridge appeared more similar in both species.
In medaka, a pair of undifferentiated gonads protrudes as two thin stripes into the celomic cavity on both sides of the dorsal mesentary, while in other species of the genus Oryzias, gonads are formed only on the right side. The first sign of sex differentiation is seen by the proliferative activity of male and female germ cells. During the formation of the gonad, the number of PGCs is around 40, and they do not proliferate during this process. In the female gonad, the PGCs start to proliferate actively after completion of gonad formation. The presumptive ovaries have then about 200 germ cells in larvae just after hatching, while the presumptive testes have only about 80. The oogonia continue to proliferate actively, but the proliferation of the male germ cells is arrested for another 10 -15 days, until they resume mitotic activity and increase in number. A similar difference is seen for the onset of meiosis. Some of the female germ cells begin to enter meiosis just after hatching, while entry to meiosis is delayed in the developing testes for 40 -50 days (Hamaguchi, 1992; Satoh and Egami, 1972; Tuzuki et al., 1966) . The asymmetry in gonad formation is intriguing, but the underlying mechanism is unclear, especially whether it is a cause or a consequence of sex determination.
A striking difference is that in mammalian testes development the differentiation process is initiated by the somatic cells. The Sertoli cells induce differentiation of the PGCs to prespermatogonia and inhibit them from entering meiosis. Germ cells lacking inhibition by somatic cells enter meiosis, become oocytes, and cause the supporting cells to differentiate into granulosa cells (for review see (McLaren, 1991) . In medaka there are two different results so far concerning an interaction between the supporting cells and the germ cells in the initiation of testicular development. Hamaguchi (1987) reports that the differentiation of male supporting cells occurs at later stages of development, also around day 40 -50 after hatching, when the male germ cells enter meiosis. Kanamori et al. (1985) noted 'acinous structures' in the testes about 10 days after hatching, which would be consistent with a role of differentiation initiation by somatic cells. In any case these cells appear after the time when in females the oocytes have started to enter meiosis. Thus, it is unlikely that the supporting cells inhibit male germ cell meiosis as in mammals. The fact that on a comparative time scale the sex differentiation of the female gonad precedes the onset of differentiation of the testes can be used as an argument that in medaka the female development is the default pathway and that this development in XY individuals is inhibited as a consequence of the activity of the male determining locus on the Y (Hamaguchi, 1992) .
Sex determination in medaka
Male and female medaka are distinguished by a number of secondary sex characters some of which-like the shape and size of the dorsal and anal fin-can be easily determined at the swimming fish by naked eye.
Medaka has an XX -XY sex determination system like mammals. The X and Y chromosomes of medaka are morphologically indistinguishable (Matsuda et al., 1998) ; such homomorphic sex chromosomes in a heterogametic system are a sign that the gonosomes are at an early stage of evolution (Ohno, 1967) . Crossing-over is possible over almost the entire length of the sex chromosomes. In fact medaka was the first vertebrate in which the occurrence of crossing over between X and Y chromosomes was shown (Aida, 1921) . The linkage map of the sex chromosomes (LG 1, represented by one pair of the largest chromosomes of the whole complement) contains in large part an even distribution of markers like on the autosomes. Around the sex-determining locus, however, a pronounced clustering of markers indicates a region of suppression of crossing-over (Kondo et al., 2001; Matsuda et al., 1999) . Nevertheless, this earliest step of recombinational isolation has not yet led to the inactivation of important genes. By crossing sexreversed XY females to normal males, fully viable and fertile YY males can be obtained, and these can be even induced to become YY females by appropriate hormone treatment (for further details see Yamamoto, 1975) . This shows clearly that the Y chromosome has not lost essential genes during its evolution. Within the Y-specific region no genes that are essential for the fish (and not even for the function of the testes or sperm) are located. This is evident from the uncompromised full fertility of XX males that can be produced by androgen treatment of genetically female embryos. This is unlike the situation in mammals, where YY individuals are not viable and XX males are infertile because the Y chromosome has lost most genes present on the X and carries several spermatogenesis genes that have no alleles on the X (Lahn et al., 2001 ).
The male sex determining gene of medaka
Based on a precise linkage map of the sex chromosomes, it was possible to identify the sex determining gene of medaka (Matsuda et al., 2002; Nanda et al., 2002) and to reconstruct the evolutionary history of the Y-chromosome. The origin of the sex-determining locus is a region at the tip of linkage group 9 that contains the dmrt1 gene. This gene encodes a putative transcription factor with an intertwined Zn-finger DNA binding domain. The gene is highly conserved during evolution. Its mammalian homologue is implicated in sex determination at a downstream position of the genetic cascade and deletion of one copy of human DMRT1 is associated with XY male to female sex reversal (Raymond et al., 1999) . In birds, the DMRT1 gene is located on the Z chromosome but absent from the W, making it a perfect candidate for the male sex determining gene (Nanda et al., 1999) . In Drosophila melanogaster and in C. elegans the corresponding homologues are well-characterized sex determining genes at a downstream position of the genetic cascade (reviewed in (Zarkower, 2001) .
In medaka, the chromosomal segment containing dmrt1 became duplicated and the duplicated version was inserted into another chromosome (Nanda et al., 2002) . The borders of the insertion are precisely marked by a large duplication on the Y of the sequence (Olaflnk) into which the segment from linkage group 9 was placed. At the new location, all other genes except the new copy of dmrt1, designated dmrt1bY (to distinguish it from its autosomal ancestor dmrt1a) became inactivated, and repetitive DNA as well as transposable elements accumulated around dmrt1bY (which is also designated DMY (Matsuda et al., 2002) ). This process created a chromosomal region of 260 kbp on the Y that is absent from the X. Thus pairing and crossing-over is inhibited here leading to recombinational isolation of the sex-determining gene. This recombination suppression maintains and preserves the identity of the Y as the male determining chromosome (Fig. 1) . Outside the Y-specific region, sequences on the X and the Y are very similar. The fact that degeneration of genes on the Y has not spread out further is in line with the predicted early stage of sex chromosome evolution in medaka, and is in sharp contrast to the situation described for the mammalian Y, which has retained only a very short region that is still homologous to the X, the so-called pseudoautosomal region.
Dmrt1bY has been found independently by a candidate gene and by a positional cloning approach. Thus, evidence has to be produced that dmrt1bY is in fact Fig. 1 . Evolution of the medaka Y-chromosome: (I) In a first step, a segment from the chromosome represented by linkage group 9 (LG 9) containing the dmrt1gene and some neighboring genes like dmrt3 was duplicated. (II) This duplicated segment was inserted in one chromosome of linkage group 1 (LG 1), which by this process became the proto-Y chromosome. (III) In the inserted segment, a number of transposable elements eventually accumulated, which led together with other genomic alterations to a region that does not recombine with the other (homologous) chromosome of linkage group 1. Concomitantly, all genes from the duplicated fragment except dmrt1bY became non-functional by mutation. the male-determining gene. The finding that it is the only functional gene in the Y-specific region (Nanda et al., 2002) is a helpful argument into this direction. The isolation of a point mutation in dmrt1bY and a so far uncharacterized mutant with strongly reduced expression that both are connected to XY male to female sex reversal show that the gene is necessary for male development (Matsuda et al., 2002) . However, the evidence that the gene is also sufficient for determination of the gonad primordium towards male, for instance by a dmrt1bY transgenic XX male medaka, is still lacking.
Dmrt1bY expression during embryonic development precedes formation of the testes. Transcripts can be detected using sensitive RT-PCR methods as early as in neurula stage male embryos. Precise localization of the transcripts by RNA in situ hybridization was so far possible only in sexually mature fish. The mRNA was found exclusively in the Sertoli cells (Nanda et al., 2002) . In hatchlings, the transcript was localized by in situ hybridization to the somatic cells surrounding the germ cells, probably preSertoli cells (Matsuda et al., 2002) . For both dmrt1's the adult expression pattern is identical, while the autosomal dmrt1a gene is not expressed during embryonic and larval development (Winkler et al., 2004) .
Interestingly, when XY embryos are feminized by estrogen treatment, the expression of dmrt1bY is not affected, and the gene is even transcribed in the ovaries of the adult sex reversed fish (Nanda et al., 2002) . This is consistent with an upstream sex determining function, and may indicate that expression of the male determining gene is compatible with ovary development and function once this is initiated by the hormone treatment.
The big question, how dmrt1bY acts to determine the development of the undifferentiated gonad anlage to become testis, is essentially unanswered. No target genes have been identified and even candidates are not at hand. Also for the autosomal dmrt1a and its homologues in other vertebrates, nothing is known so far. A proper placement of dmrt1 in the genetic network governing male development in mammals and of dmrt1bY in medaka is, however, the precondition to understand, how a gene that in other organisms acts as an effector downstream in the sex determination cascade could take up a position at the top of the male sex determination process.
8. The rise and fall of dmrt1bY as a sex-determining gene in medaka
The identification of dmrt1bY as the master regulator of male development in medaka immediately opened the possibility that this gene might fulfill a similar function in other fish. However, searching the genomes of both pufferfishes only uncovered a single copy of dmrt1, which by molecular phylogenetic methods was unequivocally identified as the orthologue of the autosomal dmrt1a of medaka Volff et al., 2003) . Southern blot analysis of various fish species including the zebrafish and tilapia did not produce evidence for a second, sex linked copy of dmrt1 . In the platyfish the sex chromosomal BAC contigs are devoid of dmrt genes (Veith et al., 2003) . A closer look at the genus Oryzias uncovered that O. curvinotus, a sister species to the medaka, which also has an XX -XY sex determination system (Kondo et al., 2001 ) has also dmrt1bY (Matsuda et al., 2003) , while the gene is absent in the more distantly related species, e.g. O. celebensis . Such information, together with the results of a molecular phylogenetic analysis of all available dmrt1 sequences, clearly placed the gene duplication event that generated the medaka male determining gene to the lineage leading to medaka within the genus Oryzias.
For the mammalian Y chromosome, which is much older than the medaka Y and which appears to have reached almost its endpoint of evolution, it has been predicted that it might be lost in the future, being replaced by a new male determining chromosome developing from one of the autosomes or even from the X (Marshall Graves, 2002) . With its recent origin, for the medaka Y a bright and long future could be predicted. Unfortunately, this seems not to be the case. An analysis of several laboratory strains of medaka revealed that a reasonable percentage of males have an XX sex chromosome complement and are lacking dmrt1bY. In some strains, these exceptional males can constitute up to one fifth of all males, while in others they are rare or absent. In the offspring of XX males, a strong bias towards females was observed, nevertheless XX males reappeared at varying numbers . The relatively high frequency of XX males has at least two implications: first, dmrt1bY is not necessary for male development in every case. Obviously the sex determination system of medaka is not as stable as it appeared, and other factors may substitute for the dmrt1bY function. This phenomenon does not question the central role for dmrt1bY for male development in the XY males. However, the frequent occurrence of XX males may compromise the value of the above-mentioned transgenic experiments to produce XX males by integration and expression of a dmrt1bY transgene. It will be difficult to ascribe the sex reversals unequivocally to the activity of the transgene.
The strain difference in the frequency of the XX males was explained by the presence of autosomal modifiers, because all fish in this study were kept under identical conditions, making the influence of environmental factors on sex determination unlikely. Such autosomal modifiers that can exert a male determining function point to the second implication. The chromosomes harboring the modifier genes may develop into neo Y chromosomes that will compete and possibly replace the present Y of medaka with dmrt1bY as the master regulator of male sex determination. This would lead to extinction of the current Y chromosome of medaka.
